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NATIONAT, ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE ¥O, 1086

THERMODYNAMIC CHARTS FOR THE COMPUTATION OF CCMBUSTION
AND MIXTURE TEMPERATURES AT CONSTANT PRESSURE

By L. Richard Turner and Albert M. Lord

SUMMARY

Charts are presented for calculating the combustion tempera:
tures and the temperature changes involved in constant-pressure
thermodynamic processes of alr and the products of combustion of
air esnd hydrocarbon fuels. ZExamples are given in which the charts
are applied to the calculation of the quantity of fuel required for
combustion to a given temperature, the increase in tne temperature
of products of combustion by the introduction and combusgtion of
additional fuel, the changs in enthalpy of the products of combus-
tion with change in temperature, the equilibrium temperature
resulting from the mixing of two gases representing products of
combustion, and the temperature resulting from the afterburning of
richer-than-stoichlometric exhaust gases with additional air. The
charts are appliceble only to processes in which the final fusl-air
ratio is leaner then stoichiometric and at temperatures where dis-
sociation is unimportant, They may be applied to steady-state fiow
processes.

INTRODUCTION

The accurate calculation of the change 1n energy of a fluid as
its temperature or composition is changed is difficult especially
when the range of temperature variation is large, Calculations of
this type arise in conmection with the phenomena of combustion,
afterburning of rich-mixture exhaust gas, and the mixing of air and
combustion gases. Because of the difficulties imposed by the use
of exact specific heats, many approximations have been used and in
gome cases these approximations have led to large errors.

Graphical methods of solving problems that involve & change in
+the heat content of air or the products of combustion of air and
hydrocarbon fuels at constant pressure have been devised at the NACA
Cleveland laboratory. Because the total temperature of a gas ig a
direct measure of its total energy content, the charts may be used
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for any steady-state flow process by using the tobtal temperatures
of the fluid. The charts are applied in this report, by means of
examples, to the calculation of the quantity of fuel required for
combustion to a given temperature, the increase in temperature of
products of combustion by the introduction and dburning of aldi-
tional fuel, the change in the enthalpy of & burned mixture with a
chenge in temperature, the equilibrium temperature resulbing from
the nixing of two gases each of which is the product of combustion,
and the temperature resulting from the afterburning of richer-than-
stoichiometric exhaust gases with air,
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molal specific heat at constent pressure,
(Bt1)/(1b mole)(°R)

specific heat at consiant pressure of fuel,

(Btu)/(1b) (°R)
lower internal energy of cowbustion of fuel, (Btu)/(1b)
fuel-air ratio
mean fuel-air ratio of mixbure
chart fuel-alr ratio; function of T, end Tb
molal enthalpy of gas, (Btu)/(1b mole)
enthalpy of air, (Btu)/(1lb)

mean value of enthalpy of air mixture,
(Btu) /(1b of mixture)

enthalpy of leaner-than-stoichiometric burned mixture of
fuel and air, (Btu)/(1b) -

senglble enthalpy of richer-than-gtolchiometric exhaust
gas excluding energy of chemicel organizaticn,
(Btu)/(1b)

lower enthalpy of combustion of fuel, (Btu)/(1b)

effective lower snthalpy of combustion of fuel in richer-
‘than-stoichiometric exhaust gas, (Btu)/(1b)
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enthalny available through combusgtlion with excess gir of
1 + £ pounds of richer-than-stoichiometric exhaust gas,
(Btu)/(1b)

mechanical equivalent of heat, (778 £t-1b)/(Btu)

corrsction factor tec change in total enthalpy of richer-
than~stoichiometric exlhaust gas with changes in tea-
perature for changes in fusel-air ratio end hydrogen~
carbon ratio of fuel

correction factor to fuel-air ratio for change in lower
enthalpy of combustion of fuel

correction factor to fuel-alr ratio for change in
hydrogen~-carbon ratic of fuel

molecular weight of air, 28.972 (1b)/{lb moie)
hydrogen~carbon ratio of fuel

pressure (1b)/(sq £%)

universal gas constent, 1545.7 (ft-1b)/(1b mole) (°R)
ges constant for air, 53.352 (£t-1b)/(1b)(°R)

gas constart of burned mixbure of fuel and alr,
(£-1b)/(10) (°R)

ratio of weights of original alr in two burned nixtures
total temperature, (°R)

total air temperature, (°R)

total mean temperature of air mixture, (°R)

total temperature of burned mixture, (°R)

total exhaust-gas temperature, (°R)

total initial temperature, (°R)

total final temperature, (°R)
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T, reference temperature, (°R)
v specific molal volume, (cu £t)/(1b mole)
Vg weight of original air in burned mixture, {1b)
Mo combustion efficlency
Q total enthalpy of richer-than-stoichiomstric exhaust gas
referred to enthalpy of air at 540° R as zero of enthalpy
w total enthalpy of richer-than-stolchiocmetric exhaust gas
at 1980° R
(02)4 concentration of oxygen in air, (mole oxygen)/(mole air)
(Hz) concentration of hydrogen in exhaust gas, (mole hydrogen)/

(mole of original air)

The subscripts 1, 2, etc, are used alone or in addition to any
reguler subscript to indicate successive values taken on by a single
quantity. For example, T,y and T, designate, respectively, the
temperature of a burned mixture, T, at points 1 and 2,

The subscripts x, y, etc. &are umed to identify btwo or more
fluids that are to be mixed.

The total tempsrature of ) g_temperature
attained by the gas in a steady-state flow process when 1t _is brought
to rest with the conversion of all its kinetic energy to _thermal
snergy.

SOURCE OF THERMODYNAMIC DATA

The specific-heat data used in the preparation of the constant-
pregsure combustion charts for hydrocarbon fuels and alr were taken
from reference 1 and extended to higher temperatures by the use of
data contained in references 2 to 8., The charts are exact only at
temperatures helow those at which digsociation bscomes important.

In most calculations, dissoclation may be neglected for all tem-
peratures below about 3200° R. The charts have been cxtended beyond
32007 R, without, however, considering dissoclation, in order that
approximate cdloulations may be made with the chart for a higher
Tinal temperature.



NACA TN No. 1088

The charts are based on a refsrence temperature of SﬁQ R
(80.3° F). The heat of combustion of the fuel, therefore, is to be
corrected to the basis of the 540° R end to the normal state of the
fuel at that temperature before combusticn calculations are made,.
These corrections are discussed In appendix A.

PRIICIPLE OF THE CONSTANT-PRESSURE COMBUSTION CHARTS

Thermodynamics of constant-pressure combustion. = In ordesr to
evold the use of complicated subscripts the notation

%]
-y

is used to mean "the value of x at 2z minus the value of x at y."

The lower enthalpy of combustion of a fuel at constant pressure
h, 1is defined as the heat (~h,) removed during the combustion at
constant pressure of a mixture of fuel and oxyzen when the initial
and final temperatures are equal and the products of combustion are
all in the gaseous phase, The first law of thermodynamics applied
to an ideal constant-pressure ccmbustion for leaner-than-stoichiometric
mixtures leads to

-—|Ta Ty
hgi = fhg = (1 + ) hy _ (1)
T, Ty

! The form of equation (1) and of all subsequent equations implies that \\

{ the value of -h, has been corrected by adding to -h, the quantity \

§ of heat that must be added to the fuel to bring the fuel to its initial |

1 condition from its standerd phase at the reference temperature T, of

1 540° R, (See appendix A.) When this correction has been applied, it

s, . 18 unnecessary to include an explicit term for the condition of the f
iuel in the equations for the conservation of energy. (

For leaner-then-stolchiometric mixtures, the term (1 + T) hy
is given by

An + B (2)

(L+f) Iy, = hy + f == —
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where 1
A= - =K 2.0186
<Fﬁzo 2 Oé)/
B = (;COE - HO£>/&2
f o B - l s P ... Am+B | . RN
(see reference 1, equation (20).) The term —-—7 in equation (2)

accounts for the difference between the enthalpy of the carbon dioxide
and water vapor in the burned mixture and the enthalpy of the oxygsn
removed from the air by thelr formation.

The substitution of equation (2) in eguation (1) yields the
following relation:

Am + ﬁ]

m + 1f
Ty

“h, -

Two types of chart have been prepared by the use of equation (3).
The first is an alinement chart on which the fusl-alr ratio is rep-
regented by the slope of a line. This chart permits the solution of
all problems involving enthalpy changes when dissociation may be
neglected but 1ts genseral use may be inconvenient because a geometric
construction or the use of & parallel rule is required to determine
the slope of the fuel-air-ratio line.

The second set of charts, which have a somewhat limited range
of application, show: (a) temperature rise during combustion as a
function of the fuel-air ratioc and initial air temperature; (b) tem-
perature rise during combustion as a functiom of the fuel-air ratio
and the final mixbture temperature. These curves have been prepared
for a single fuel. Correction factors permit the calculation of the
fuel-air ratio for other fuele with different hydrogen-cerbon ratlos
and lower heating values.

Construction of the constant-pressure alinement chart, - The
alinement-type constant-pressure chart is shown in figure 1. The
lineer scals to the left is the enthalpy of air, which was arbi-
trarily teken as zero at 540° R, The horizontal lines marked with
a temperature scale are drawn at the ordinate equal to the senthalny
of air at that temperature minus its enthalpy at 540° R. The
abscissga 1s the lower enthalpy of combustion of the fuel hg.

6
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Along each temperature line the guantity

T
Am + B]
m o+ 1

Tr

is laid off to the left of the zero of the absclssa for three values
of the hydrogen-cerbon ratio m (0.10, 0.15, and 0.20) of the fuel.
Thus, vertical lengths on the chart represent quantities in the
numsrator of equation (3); horizontal lengths represent gquantities
in the denominator of equation (3).

The values of h,, A, and B are given in table I as functions
of the temperature,

USES OF THE CONSTANT-PRESSURE ALINEMENT CHART

Constant-pressure combustion. - The use of the constant-pressure
alinement chart to determine the temperature attained by an ideal
constant-pressure combustion process is illustrated in figure 2(a)
by the following example: _ e —

- Initial air temperature Tg, 900° R

‘/Final combustion temperature Ty, 1860° R

:Lower enthaelpy of combustion hg, =18,900 Btu per pound
: Hydrogen-carbon ratlio of fuel m, 0,175

A line is drawn from the point a (located at Ty = 900° R,
h, = -18,900 Btu/lb) to the point b (at the intersection of the
1860° R temperature line with the m = 0.175 line (interpolated)).
For the purpose of illustration, the right triangle abec 1is
completed, The slde hc of the triangle is equal to the term
b) "
Ty
which is the numerator of equation (3), and the side ac of the
triangle is equal to the term
Tp
-h - £E£;t;;]
c n+ 1
Ty
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which is the denominator of equation (3), The slope of the line ab
is therefore proportional to the fusl-air ratio required for the com~
bugtion. The scales of the.ordinate and the abscissa in figures 1
and 2 have been so chogen that the fuel-air ratio is one-fortieth of
the actual geomstric slope. Two alternative methods are provided
for measuring the slope of line ab; hrence the fuel-air ratio:

(a) Draw a line through-the reference point A (located at
540° R,.. h_ = -8000 Btu/lb) parallel to the line ab, The fuel-

ratio 18 found “Ihe intersection of this line with the extreme
right-hand fuel-air-ratio scale. The required fuel-air ratio for

the example is 0.0138,

T

(b) Extend the line &b +to the right until it intersecis the
abscissa of h, to the right of the zero line at d (h, = -18,900 Btu/
1b)., Read the fuel-air ratio fz opposglite this intersection
(0.01828) and the fuel-air ratio ¥y opposite the ordinate T, of

900° R (0.00448)., The required fuel-air ratioc £ 1is the difference
between the fuel-sgir ratios fo and 1.

f = 0,01828 ~ 0.00448 = 0.0138

The inverse problem of finding the initial or final tempersasture,
if one temperature and the fuel-alr ratio are known, is solved in a
gimilar mammer except that the slope of the fuel-air ratio line is
uged to determine the unknown temperature.

Reheating by burning additional fuel., - The method of calcula-
tion of the temperature resulting from burning additional fuel in
the products of combustion is shown in figure 2(b). Assume that
the combustion gas of the example described in figure 2(a) is cooled
to a temperature of 1620° R, Determine the amount of fuel required
to raise the temperature of the gas to a temperature of 1900° R by
burning additional fuel,

Draw a line from the point a (located at T, = 1620° R,

m = 0.175) with a slope of f = 0.0138 (parallel to a'A) wntil it
intersects the vertical line for a value of L, of -18,9C0 Btu per
pound at b, This point establishes an initisl temperature, approx-
imately 630° R, campatible with a combustion temperature T; of
1620° R and the original fuel-air ratio £ of 0.0136, Draw a line
from b to c¢ (located at Ty = 1900° R, m = 0,175) and the
paraliel line Ac'., The slope of Ac' 1is the total fuel-air ratio
required (0.0183), The required increment in fuel per pound of
originsel air f 1s the difference between these two fuel-air ratios:
Af = 0,0183 - 0.0138 = 0,0045.

8
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The increment of fuel required may also be determined by
extending the lines ab and bc ‘o the second abscissa of h,,
using the scale to the right of the zero line, at 4 and e,
respectively, (at hy = -18,900 Btu/lb). The difference between
the ordinates 4 and e i1s Af, as indicated on figure 2(b).

Change of enthalpy of a burned mixture with change in teumpers-
ture. - The use of the constant-pressure elinement chart to determine
the heat gbatracted from a burned mixture of combustion gases during
& change in temperature is illustrated in figure 2(c) by the following
example:

Initial temperature T;, 2600° R
Final temperature Tp, 1000° R
Fuel-air ratio £, 0.030
Hydrogen-carbon ratio m, 0.175

Locate the points a and b &t Ty = 2600° R and Ty = 1000° R
on the m = 0,175 line. Draw & line with slope equivalent to

f = 0.030 through each point a and b intersecting the h, =0
axis at a' and b', vrespectively. The required change in
enthalpy is the difference between the ordinate of &' and b!',
-469 Btu per pound of original alr or -455.5 Btu per pound of
burned mixture. This result follows immediately from a considera-
tion of equation (2). The distance ac in figure 2(c) is equal %o

. 70
na]
TC

and the distance c¢d 1is equal to

T
Am + B]
f ———a—
m + l_,Ti
by the construction. The sum of ac and c¢d 1s then given by
| | Tf
Tr Am + BI
(ac) + {(cd) = ha] + T
T
T
= (1+7) i) (4)
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By the comstruction shown in figure 2(c) the line seguent
a'p' = ac + cd because the lines aas' and db' are parallel.

Temperature of a anixtures of combustion gases. - The temperature
of a mixture of two gases each produced by the combustion of a lean
nixture of air and e hydrocarbon fuel nmay be calculated by the con-
struction shown in figure 2(d). It is assumed that the two fuels
have the same hydregen-carbon ratio. =The mixture of the following
two gases may he considered as an example. '

(a) Fluid X, +the products of combustion of 1 pound of air
Wax with 00,0138 pound of fusl, fx = 0.0138, at a temperature of
1620° R.

(p) Fluid y, the products of combustion for 3 pounds of air
Way with 0,021 pound of fuel at a fuel-air ratio fy of 0.007 at
a %emperature of 1200° R.

The hydrogen-carbon ratio of the two fuels is 0,175.

Draw the line c¢a' with the slope fx = 0.0138 through the
point a located at Ty = 1620° R anmd w = C.175, The point a'
is the intersection of this line with the line he = 0. Iraw the
gimilar line c¢b' <through the point b locatod at Ty = 1200° R
and m = 0.175 with the slope fy = 0.C07, Draw a horizontal line
from b' %o d on the line r = -1 and a horizontal lino from
&' to o on the line r = Wg./Wayx = 3, where Wy 1is the welght
of original air in each fluid. In order %o obtain the greetest
possible accuracy the weight ratio r should be expresscd as a
number greater than 1. The line a'e, corresponding to r =1
must always be drawn to the left from the point a' on the hg =0
axls corresponding to the fluid having the smaller woight.

Draw the line de, which intersects the line hge =0 at g;
draw the line gc. The temperature of the gas mixture (1310° R)
is Tound at 1 where the line gc intersects the hydrogen~carbhon-
ratio line at m = 0.175. The slope of the line cg is equal +to
the mean fuel-air ratio of the mixbture. The msean fuel-air ratio
can be dotermined by drawing thie line Ag' parallel to tho line cg.
The consgtruction just describod solves the problem of dotermining the
teuperature of the gas mixbture bocause the 1ine de dividos the
vertical line seguent a'b! into two gegments with longths propor-
tional to r.

The distance a’'c'! 1is proportional to fyx; the distance b'c!
is similerly proportional o fy. Tho distance a'df' ig then

10
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proportional to fx - fy and the dlistance b'g is therefore pro-
portional to (fyx - £4)/(1 + ). The distance ge' is then nropor-
fx -fy fx+riy

tional ‘o fy + Y rr S 147w and Eﬁe glope of the line cg
corresponds to the mean fuel-air ratio f given by the equation
= fy +r fy
l+r

The line ocg divides any vertical line drawn from a'c +to
bl'c 1into segments whose lengths are nroportional to r. From the
construction illustrated in figure 2(c), the vertical distance
from i (in fig. 2(3d)) to the line a'c is proportional to the
change in enthialpy of fiuid x in Btu per pound of original air;

_ similarly the vertical distance from 1 to the line b'c is pro-

portional to the change in enthalpy of fluvid y. The construction,
therefore, satisfies the condition that the change in enthalpy of
the fluides shall be equal but opposite in sign when equilibrium is
attained; namely,

G+ 25) am) = [+ £g) oy

fluid x fluvid y

becauge the length of the two segments have the ratio r.

Afterburning of richer-than-stoichlometrlic exhaust gases, -
Consideration of the law of the conservation of energy yields the
following equation for the temperature prcduced by the comwbustion
of 1 4+ f pounds of a richer-than-stoichiocustric exhaust gas with
r pounds of alr, when the final fuel-air ratio f£/(l + r) 1is
leaner than stoichlometric'

(1 +2) hbr:' Bgpem + T Bal = (1 + £ + 1) h-b] (5)
0 -0 0

The value of fuel-air ratio f used in equation (5) is the
original fuel-air ratio of the richer-than-stoichiometric exhaust
gas, From equation (2) the enthalpy of the f*nal mixbure at tem-
perature T 1s given by the eguation

T
1To CAm o+ B] b

(L +f +x) hbl = (1 +r) haJ ot 1 (8)
%)

11
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T,
When the term (1 + £ + z) hb] is eliminated from
0
equations (5) and (6), the following more convenient form is
obtained:

Ty
Tp Ty Am + B
Q=hy|  +rha|  +f T (7)
Iy Ir .
where
Tr
Te Ty Am + B
Q= (1+%) bhy|  -honem - Ba] - myl (8)
0 0 o

ls the total enthalpy of the richer-than-~stoichiometric exhaust-
gas referred to the enthalpy of alr at the reference temperature
T, as the zero of enthalpy.

The afterburning calculatlon may also be treated as the com-
bustion of a fuel with the effective lower enthalpy of combustion
(he)err 8given by
Te
Q - ha]
Ty

(he)err = (9)

f

When the value of 2 from equation (9) is substituted in
equation (7), the relation reduces to

Ty
ha]
T Tg
1 +r = Tb (10)
- (h - Am + B
( c)eff —E—;—T}

Tp

The mean fuel-air ratio F for this combustion is given by
the equation

T

f =137

(11)

where f 1is the original fuel-air ratio of the richer-than-

stoichiometric exhaust ges.
12
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A derivation of equations (7) and (8) and the equetion for
in terms of ths thermodynamic properties of the component gases is
given in appendix B.

The valus of { may be obtained from figure 3 in which Q is
given as the sum of two numbers w and EKAW®, The change in {1 as
the tempereture is changed is edual to Aw for a fuel with a
Thherdaognnosarheasm ssadd A AP N T78 ad- o Praatooduyr viadkds A8 N NO Mk~
i bl VERULLT WL Wi LGVl WA WVedid LU & -LU.UJ.-G-L-L JLauvly Ul UIUD. LI

correction factor X accounts for changes in the hydrogen-carbon
ratio and the fuel-air ratio.

The use of the constant-pressure alinement chart to determine
the temperature of a mixture of exhaust gas and air with afterburning
is illustrated in figure 4 by the following example: Determine the
temperature atteined by the afterburning and subsequent mixing of
1.08 pounds of richer-than-steoichiometric exhaust gas, fuel-air
ratio £ of 0.08, hydrogen-carbon ratio m of 0,175, and an exhausgt-
gas temperature Te of 1980° R, with 2 pounds of air at 411° R.

(Note that » = 2.)

From figure 3, the value of w = 767.5 and KAw= 0, The
value of £} is therefore 767.5 Biu per pound of air. The necessary
ccnstruction ig shown in figure 4., The point a’' is located on the
line hg = O with the ordinate hg = Q = 767,5. (It will often
be necessary to extend the scale of ordinates beyond 900 Btu/lb of
eir.) TFrom this point, the final temperature is determined exactly
as in the case of a mixturs of two leaner-than-stolchiomstric com-
busticn gases,

Draw a line through a' with ths slope of f equal to the

fuel-air ratio of the richer-than-stoichiometrlc exhaust gas
(f = 0.08) intersecting at ¢ the line bc drawn at the air tem-
perature T, = 411° R, Draw a horizontal line from a' %o e
under r = 2, Draw a horizontal line from b to the point 4 at
r = -1. Draw the line ed, which intersects hg = 0 at g.
Draw the line c¢g. The final combustion temperature is found at 1
where the line cg Intersects the hydrogen-carbon-ratio line

= 0.175. The final temperature obtained dy afterburning and sub-
sequent mixing is 1425° R,

The point ¢ 1is located at the valus of the abscissa cgual to
the value of (helerr given by eguation (9), ae can be seen from
the construction. The slope of the line c¢g corresponds to the
mean fuel-air ratio T (equation (11)).

13
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The highest temnerature of afterburning that can be calculated
with this chart is that for a stoichiometric final mixture. The
teuwperature for burniné Just to stolchiometric mixture for the exampls
cited is 2560° R (2100 F) and is obtained with approximately 10 ver-
cent air at 411° R,

Heat balance of ar internal-combustion engine. -~ The quantity of
heat in the exhaust-zas of an internal-combustion engine to be used
in constructing a heat balance 1s given by

Te
(L + 1) h-b_l
‘ o,

for leaner-than-stoichiometric mixbures and by the quantity 2 for
richer-than-stoichiometric mixbtures. In sach case this quantity is
‘the enthalpy per pound of original air in the burned mixture.

SPECIAL COMBUSTION CHARTS

Two special charts for making combusticn calculations have been
prepared. (See figs. 5 and 6.) These charts show the temperature
rise AT during ideal constant-pressure combustion for a fuel with a
lower enthalpy of combustion hg of -18,700 Btu per pound end &
hydrogen-carbon ratio m of 0,175. The plots of the two correction
factors K, and Ky that permit the calculation of the fuel-air ratio
for other fuels with different hydrogen-carbon ratios and lower heating
values are included as inserts. The fuel-air ratio £ is the product
of the chart fuel-air ratio f£' and the two factors K, and K,

£ =" Ky Ky

The two correction factors have been so adjusted that the correction
is exact for the average variation of the lower heating value with
the hydrogen-carbon ratio of the gasolines, kerosenes, and light
Tuel olls currently available., The assumed average relation is

he = - (15,935 + 15,800 m) (12)

The corrections are also exact for a hydrogen-carbon ratio of 0,175

for any lower heating value., Small errors exlst for other combina-

tions of heating value and hydrogen-carbon ratio. For example, the

fuel quantity calculated for a combustion temperature of 3000° R for
a fuel with a hydrogen-carbon ratio of 0,084 will be in error aboub

1l percent for every 1500 Btu per pound that the lower lheating value

of the fuel varies from the value given by equation (12).

14
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USES O THE SPECIAL COMBUSTION CEARTS

The use of these combustion charts is illustrated by the following
examples using a fuel with a hydrogen-carbon ratic m of 0.100 and a
lower enthalpy of combustion he of -18,300 Btu per pound.

Constent-pressure combustion. - Find the combustion tenpsrature
Tp resuliting when 0,02 pound of fuel is burned with 1 pound of air
at an initial temperature of 600° R. First estimate the combustion
temperature from figure S using an approximate chart fuel-air ratio
f' equal to -fhy/18,700 = 0.02 X 18,300/18,700 = 0,0186., From
figure 5, for the approximste chart fuel-zir ratio £! of 06,0196
and en initial temperature To of 600° R, AT is 13529 R; there-
fore Ty, 1s approximately 600° + 1352° R = 1952° R. Determine the
correction factors K, and X, from the correction inserts and
calculate the chart fuel-alr ratio.

K, = 1.023
Kp = 0.5890
£t = £/Ky Ky = 0.02/(1.023)(0.989) = 0.1977

Repeat the calculation of AT using the new chart fuel-asir ratio
of 0.1977., At this chart fuel-air ratio AT = 1366° R; therefore
Tp = Tg + AT = 800 + 1366 = 1966° R. The corresponding combustion
temperabure calculeted from figurs 1 by the method shovwn in fig-
ure 2(a) is 1966° R,

Rekeating by burning additional fuel. - If the gas of the fore-
going example is cooled to 1800° R and reheated to & temperature of
2300° R by burning additional fuel, determine how much additional
fuel ie required. This calculation is made by finding an initial
air tenpersturs congistent with the hot-gas temperature, fuel-air
ratio, hydrogen-carbon ratioc and lower enthalpy of combustion of the
fuel. This calculated initial temperature is used to calculate the
fuel-air ratio required to produce the desired rehsat temperature.
The additional fuel regquired per pound of original air is the dif-
ference between the new fuel-air ratio and the original fuel-air
ratio. Determine the correction factors X, and K, from the
known values of h; and m from the correction insert of figure 6
at 1800° R, These values are 1.0230 and 00,8904, respectively.
Calculate the initial chart fuel-air ratio fy'

P! = £1 /Ky Ky = 0.02/(1.023) (0.9904) = 0.01574

15
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and find the corresponding AT for Ty = 1800° R from figurs 6;

the value of AT is seen to be 1397° R. The corresponding initial
temperature 1s

Ty = Tp - AT = 1800 - 1397 = 403° R
Determine the chart fuel-air ratio f' required to produce
a combustion temperature Tp = 2300° R by burning fuel with an
initial alr temperature Tg of 403° R (fig. 5):
AT = 1897° R
fs' = 0.0282

Calculate the correction factors Xy and Ky corresponding to a
temperature of 2300° R

. 09855

‘o

Ky, = 1.0236

The combustion fuel-alr ratlo fo is therefore

fn = £'y Ky Ky = (0.0282)(1.0236)(0.9855) = 0.02844

The additlonal fuel required ls then

Af = fo - £7 = 0.02844 - 0,02 = 0.00844 pound of fuel per pound of
original air.

The corresponding incrsment in fuel-alr ratlo calculated from fig-
ure 1 is 0,00840.,

Temperature of a mixture of combustion gases, - The temperature
of a mixture of combustion gases may be calculated by finding a.
consistent initial alr temperature for sach gas of the mixturs, as
in the first part of the preceding example., The temperature of the
nixture of the two masses of alr used in the original combustion is
then calculated and also the mean fuel-air retio of the entire gas
mixture. The final mixbture temperature is then found by burning
the averaged mixture. The enthalpy of dry air 1s shown in figure T
a8 an aid to calculating the alr-mixture temperature using ths
equation

(Wax + Way) ba = Wax Nax + Way Hay
16
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As an exammple compute the mixture temperature of the following
combustion gases:

Fluid x, +the product of combustion of 1 pound of alr Wy,
with 0,0138 pound of fuel, hydrogen-cerbon ratio m of 0.1, fuel-
eir ratio fy of 0,0138, at a temperature Tpx of 1620° R,

Fluid y, the product of combustion of 3 pounds of air Uéy
with 0,021 pound of fuel, hydrogen-carbon ratio m of O, l, fuel-
alr ratio fy of 0. 0070 at a tempersture Tby of 1100°

Because the mixture temperabure is independent of the heating
value of the fuel, it is not necegsary to apply the correction for
the heat of combustion but only that for the hydrogen-carbon ratio.

The chart fuel-air ratlos of the fluids, the btemperature
changes and the corresponding initisl temperatures are:

..t

Tx! = 0.0138/Kp = (0,0138/6.9918) = 0,01391
ATy = 987

T,x = 1620 - 987 = 633° R

fy' = 0.0070/Ky = 0.0070/0.9960 = 0.00703
AT, = 525

Tpy = 1100 - 525 = 575° R

In this case the two inltlal temperatures are so close that their _
welghted average may be taken as the mean alr mixture temperature Ty

Ty = (3 Tay + Tgy) /4 = 590° R

In general, EA mugt be found by calculabing the enthalpy of the
air for each Ty from figure 7 and determining the welghted average
enthalpy, which is then used to find the mean temperature Irom
figure 7.

Asgume that the mixture is now burned from an initial air tem-
perature of 590° R, The estimated final temperature is obitained by
uging an estimated value of K, edqual to the weighted average vaiue
for the two flulds at their initial temperatures

Ky = (3 X 0.9960 + 0.9918)/4 = 0.9950

17
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The mean fuel-air ratio of the mixture f ig 0.0087
£! = 0,0087/0.9950 = 0.008743

From figure 5, AT is 647° R; the mixture terperature T is
therefore 590° + 647° = 1237° R. As & check, the value of K, for

this value of Ty, 1s 0.9951, which is sufficlently close to the
acatimrad wralina Mhha ~Anvwvacnanddns S vdkitma Famnaratinwma aalpnlatal’
0 O o, VL UT o LA WL L UDHU‘—\A% b Ao WAL T WOULMEL QG VUL T VaLWWWLQA VO

from figure 1 is 1240° R.

This mebthod can be applied to the celculation of the amount of
fuel necessary for reueating by burning additional fusl and to the
calculation of mixture tempersitures only if the apparent initial
temperatures corresponding to the given state of the burned mixtures
are real physical temneratures., The calculatlions can be made from
figure 1 without regard to this limitation,

Alrcraft Englne Research Laboratory,
National Advisory Committee for Asronautics,
Cleveland, Ohio, October 10, 1945.
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APPENDIX A

CORRECTION OF HEATS OF COMBUSTION TO THE REFERENCE
TEMPERATURE OF 540° R

The heating value usually determined from measursments in a
combustion bomb 1s the lower internal energy of combustion at
constant volume e, rather than the lower enthalpy of combustion.
For mest uses, the differences between these two heats of combus-
tlon are negligible.

The difference (-e;) - (-hg) 1s due to the work done dis-

placing the atmosphere PAV which is equal to A(PV) for the
processes at constant pressure. The gas constant of the burned
mixture 1s given by equation (21) of reference 1,

R m
(L+f) B =Ra +f romz s T

and the external work done in a constant-temperature process
(in Btu/lb of fuel) therefore is

MBV) | _1_BE_ B _ 4495 2

£J 4,032 J m+ 1 m+ 1

For example, the difference (-e,;) - (-he) 1s 40 Btu per pound

for octans at 540° R. The minimum probable error in very precise
measgurements is about 25 Btu per pound., In most ordinary deter-
minations, the probable error is between 50 and 100 Biu por pound
and therefore 1s larger than the difference between -o, and -hg,.

The heat of combustion is stated for a reference temperature
Ty, usually 15° C to 259 C (59° F to 77° F). The variation of the
heat of combustion in this range is, however, very much smaller
than the uncertainty in the measurements. For hydrocarbon fusels,
the lower heating value increages with temperature according to
the relation,

4(-he) am + b 2,242 mw + 0,1573

m+ 1 °pf " m + L

19
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at temperatures in the neighborhood of 540° R

where

o
u

(CPHZO - 1/2 cpoz)/z.om

b={C -C /12
(Pcoz Poz>/

c specific heat at constant pressure of fuel

of

Agsuming that Cof = 0.5 Btu per pound pef °R, the increase in the

lower heating value wilth an increase in reference temperature is
less than 0.2 Btu per pound per °R.

If the fuel is introduced, however, to the system at a temper- !
{ ature other than 540° R, the heat of combustlon must be corrected i
! by adding to the lower heating value the quantity of heat that must
be added to the fuel to bring the fusl to its initial temperature
and condition from 540° R. This corresction is anproximately
i 0,5 Btu per OF for fuel in the liquid phese. If the fuel is vapor-
1 ized, the latent heat of vaporization must be added 1f the lower
| heating value was glven for fuel in the liquid phase.
kY

20
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APFENDIX B

THE AFTERBURNING OF RICHER-THAN-STOICHIOMETRIC EXHAUST GASES

Consideration of the law of the conservation of energy ylelds
the following equation for the temperature T, produced by the
combustion of 1 + f pounds of richer-than-stoichiometric exhaust
gas with r pounds of sir:

Te Ta T
(1 +f) hbr] Bgpem + T ha] = (14 f+7) W] (5)
0 0 0
From equation (2)
T
Ty, Ty b
Am + B
(L +f + ) hb] = (1 +7) ha] +f-—-——-:—-i-] (6)
0 0 0

provided that the final mixture ratic is leaner than stolchiometric.

When equstion (8) is substituted into equation (5) and ‘the term

0
(L + ) ha] added to each side of the equation the following
Te,
equation 1s obtained
T T T &
<] a Am + B
(1 + ) hbr} Do - ha] = (1 +7) ha] B 1} (13)
0 0 Ta 0
Ty
Am + B
If the term f ——— is subtracted from each sids of egua-

m+ 1
0
tion (13) and 1t is noted that

the following equation 1s obtained:
21
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- T
T T w7
““chem ha. JO m+l o - ha

xr
20

(‘l+f Yy,

m+l

-+ Ty
- (l+r)ha} + £ Aﬂ:r..fl
N i

Tr
(14)

The value of the first four terms of the left-hand side of equa-
tion (14) depends on the temperature and the compogltion of the hot
exhaust gas. The calculation of the sum of these terms can be

simplified by a suitable collection of terms. For convenience let

To ™ T
r
Q= (1 +£) byy|  -bopem - Ba| - £ 2E3 ﬂ (8)
Jo =+ L
-

)
The value of the Ffirst two terms (1 + f) h‘or‘ “hoper; HAY be cal-
20

culated from equations (25) and (26) and table IL of reference 1:

(1 + ) hyy -Bohem = Bg - (;Z)a C+f z : I:ZE + (EZ) » (15)

where
C = HOZ + ZECO - ZECOZ

D = (zHCO - HCOZ)/lZ
/ t
B = (Hgyo + oo - 30023/2.015
/
=

il + Hy = Han - E
co, * Bm, ~ Hoo = FHy0

The enthalpy as defined by equation (28) in reference 1 includes
the chermical enthalpy. When equations (8) and (15) are combined,

B (0). % D| - B—} +m E_I - A:l -

e 0 0 -0 0 0, e

Q:ha] - Zac} + f + (Hp) f-g:{
Ty Mg, o m+ 1 o

(16)

22
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Equation (16)may be simplified by writing

mX + Y

Q=v+rZE2I myw oan

where

| ]Te iegz_g C]Te

U=h -
a8
.. My 0
Te Tr.
X = E] - A]
0 0
Y = D] - BI
. 0 0
LT
W= F/Ma]
o

The values of U, X, Y, and W, which are functions only of Tg, are

given in tabdble II for dry air. The values of (Hp) computed by
mesne of equation (25) of refererce 1 are given 1in table III.

REFERENCES

1. Pinkel, Benjamin, and Turner, L. Richard: Thermcdynamic Data for
the Computation of the Performance of Exhaust Gas Turbines.
NACA ARR No. 4B25, 1944.

2. Davisg, Clyde O., and Johnston, Herrick L.: Heat Capacity Curves
of the Simpler Gases, V. The Heat Capacity of Hydrczen at
High Temperatures. The Entropy and Total Energy. A Corrected
Table of the Free Energy abcve 2000°. Jour. Am. Chem. Soc.,
vol. 58, no. 5, May 1534, pp. 1045-1047.



NACA TN No. 1088

Johnston, Herrick L., and Davis, Clyde O.: Heat Capaclty Curves
of the Simpler Gases. IV. ZIExtension of the "Free Energy"
Formule of Glaugque and Overstrest to Yield Reliable Approx-
metion Formulas for the Calculation of Entropy and of Heat
Capacity from Spectroscopic Data. Entropy and Heat Capacity
of Carbon Monoxide and of Nitrogen from Near Zero Absolute
to 5000° K. Jour. Am, Chem. Soc., vol. 56, no. 2, Feb., 1934,
pp. 271-276,

Johnston, Herrick L., and Walker, Margery K.: Heat Capaclty
Curves of the Simpler Gases. II. Heat Capacity, Entropy and
Free Inergy of Gaseous Oxygen from Near Zero Absolute to
5000° K. Jour. Am. Chem. Soc., vol. 55, no. 1, Jan. 1933,
pp. 172-1886.

Johnston, Herrlick L., and Walker, Margery K,: Heat Capacity
Curves of the Simpler Gases. VII. The High Tempersture Heat
Capacities of Oxygen and Influence of 1A Level on the Thermo-
dynemic Properties of the Gas. dJour., Am. Chem. Soc., vol. 57,
no. 4, April 1935, pp. £82-684.

Gordon, A. R.: The Calculation of Thermodynamic Quantities from
Spectroscopic Data for Polyatomlc Molecules; the Free Energy,
Entropy and Heat (Capaclty of Steam. Jour. Chem. Phys., vol. 2,
no., 2, Feb, 1934, pp. 65-72; vol., 2, no. 8, Aug. 1934, p. 549.

Stephenson, C. C., and McMshon, H, O.: The Rotational Partition
Function of the Water Molecule, Jour. Chem. Phys., vol. T,
no, 8’ A.ug. 1939’ PP' 614"615.

Kassel, Louls S.: Thermodynamic Functions of Nitrous Oxide and

Carbon Dloxide. dJour., Am. Chem. Soc,, vol. 56, no. 9,
Sept. 1934, pp. 1838-1842.

24



NACA TH No. 1086

TABLE I - FACTORS FOR COMPUTING THE ENTHALFY

OF LEAN-MIXTURE COMBUSTION GASES

T T hg
%) | (°R) | (Btu/1b) A B

200 360 85,99 | memroncan | cnncnan-
300 540 122,13 1,195.8 26,042
400 720 172.48 1,602.86 60.767
500 900 216.40 2,018.9 105.33
600 1080 261,13 2,442.8 157.18
T00 1260 306.85 2,884,9 214 .38
800 1440 353.62 3,343.3 276.07
300 1820 401,38 3,821.0 341,50
1000 1800 450,04 4,321.6 410,00
1100 1980 499,54 4,842.9 481,42
1200 2160 549.73 5,388.6 554,75
1300 2340 600.58 5,956.86 630.25
1400 2520 651.90 6;548.9 TOT7.92
1500 2700 T703.86 7,152.6 785.50
1600 2880 756.19 7,780.8 865.00
1700 3060 808.94 8,423,1 045,33
1800 3240 862.04 9,081.3 1026.58
1800 3420 915.47 9,754.2 | 1108,25
2000 3800 969,17 10,440,211 1190.25

National Advlsory Committee
for Aeronautics
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TABLE II - FACTORS FOR COMFUTING THE ENTHALPY

OF RICH-MIXTURE EXHAUST GAS

T T
W

Ce) [y | * t

300 540 | -1756.90 | 60,115.4 | 20,198.8 | -610,76
400 | 720 {-1716.47 | 60,622.0| 20,287.1 | -602.85
500 900 { -1673.67 | 61,074.9 | 20,324.6 | -590.97
800 | 1080 | ~1628.85 | 61,497.5 20,375.4 | -576.84
700 | 1260 | -1582.24 | 61,909,3 | 20,422.4 | -561,91
800 | 1440 | -1534,01 | 62,318.2 | 20,467 -546,44
900 | 1620 | -1484.37 | 62,731.2 | 20,511 -531.03
1000 | 1800 | -1433,51 | 83,156.2 | 20,554 -516.02
1100 | 1980 | -1381,52 | £3,592 20,597 -501.21
1200 | 2160 | -1328.68 | 64,048 20,640 -487.51
1300 | 2340 | -1275.49 | 64,517 20,683 -473,5€6
1400 | 2520 | -1220.61 | 65,006 20,725 -480,51
1800 { 2700 | -1165.81 | 65,505 20,768 -447,.61

TABLE III - HYDROGEN CONTENT

OF EXHAUST GAS

Tuel- Hydrogen-carbon ratio of fuel

alr

retio 0.084 | 0,100 | 0.125 | 0.150 | 0.175 | 0.189 4 0.200
Concentration of hydrogen, mele per mole or original air

0,07 | emmmmmmfmcmmeen [ cmemas 0.00100{0.00398]0.00597 |0.00764
.08 | 0,00323]0,00543}0,00984| ,01530| .02138C| ,02560| .02881
.Q9 .01218| .01662| .02478| .03408} .04431| ,05035| .05518}
.10 .02380| .03091| .04332| .05877} .070%4| .0T7909| .08551
.11 .03803] ,04808| .06499| .08260{ .10061} .1l1077| .11870
.12 .05471} ,06779| .08918{ .11083| ,13250} ,14456} .15391

National Advisory Coumlttee
for Aeronautics
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